Experiments were performed to reduce chemical oxygen demand (COD) from 4,4 0 -diaminostilbene-2,2 0 -disulfonic (DSD) acid manufacturing wastewater using electrochemical oxidation coupled with adsorption by granular activated carbon. The COD removal is affected by the residence time and applied voltage. When the residence time is increased, lower value of COD effluent could be obtained, however, the average current efficiency (ACE) decreased rapidly, and so does the applied voltage. In addition, aeration could effectively enhance COD removal efficiency and protect anodes from corrosion. Furthermore, the acidic condition is beneficial to the rapid decrease of COD and the values of pH effluent are independent of the initial solution pH. The optimization conditions obtained from these experiments are applied voltage of 4.8 V, residence time of 180 min and air-liquid ratio of 4.2 with the COD effluent of about 690 mg L 21 . In these cases, the ACE and energy consumption are 388% and 4.144 kW h kg 21 COD, respectively. These perfect results from the experiments illustrate that the combined process is a considerable alternative for the treatment of industrial wastewater containing high concentration of organic pollutants and salinity. ABBREVIATIONS ACE average current efficiency, % ALR air-liquid ratio, ALR ¼ Q/Q 0 , L h 21 /L h 21 Subscripts t residence time of t t þ Dt residence time of t þ Dt 0 initial condition
with the mainly reactions described by Figure 1 . For the lower production yield or reaction efficiency, raw materials and intermediate products with non negligible amounts are scattered in the discharges and would be present for a doi: 10.2166/wst.2010.639 relatively long period due to their poor biodegradability (Wong-Wah-Chung et al. 2003) . Consequently, DSD acid manufacturing wastewater is characterized by high value of chemical oxygen demand (COD, about 10-30 g L 21 ) and abundant salinity (Na 2 SO 4 , about 20-45 g L 21 ), which causes difficulty in treating by conventional biological processes (Zhu et al. 2001) . So far, many methods have been developed for treatment of the wastewater such as ionexchange (Chai et al. 2005) , extraction ,
and multiple-evaporation (Li et al. 2006) . However, the transfer of these technologies is limited due to their high cost as well as difficulty in control, reliability and efficiency.
In recent years, adsorbent made from bagasse fly ash, red mud, wheat husk, bottom ash and de-oiled soya was used for COD reduction in these kinds of wastewaters by Gupta et al. (2000 Gupta et al. ( , 2004 Gupta et al. ( , 2008 , and the solutions were effectively purified with high efficiency and low cost. Indeed, adsorption is a feasible alternative, while in this work, electrochemical method, an "environmental friendly technology" (Andreescu et al. 2003; Siné & Comninellis 2005 ) was studied for the removal of organic pollutants in industrial discharges. In the meantime electrochemical oxidation of Reactofix Red 3 BFN (Gupta et al. 2007 ) and phenolic compounds (Li et al. 2005 ) was conducted in detail. But it has come to our knowledge that the studies on COD removal from DSD acid wastewater by electrochemical oxidation, coupled with adsorption using granular activated carbon (GAC) have not been reported yet.
Although the combined process is a relatively straightforward method for the reduction of aromatic compounds (Fan et al. 2004) , there is little experience for the design of this kind of reactor, hindering the transfer of the technology. In this work, an electrochemical reactor in pilot-scale was designed for DSD acid wastewater treatment, aimed at reducing COD to a value of less than 1,000 mg L 21 and thus allowing for a direct discharge into the water bodies. Furthermore, operating conditions were optimized for decrease of energy consumption. At the same time, aeration was employed for the expectation to improve water quality effluent and protect anodes from corrosion.
The better results from these pilot experiments showed that this method was suitable for effective removal of COD with high current efficiency and low energy consumption.
The present purpose of this research does not involve reaction kinetic behaviors but only with the application of this technology for the achievement of meeting the need of discharge standard of COD.
EXPERIMENTAL

Materials and apparatus
All reagents used for the analysis were obtained in extra pure condition. Ti anodes coated SnO 2 with thickness of 3 mm (Lipp & Pletcher 1997) and stainless steel as cathodes, have an area of 100 cm £ 150 cm, were manufactured by Flag Corporation, China. The DC electric power purchased from Dazhong Company, China, with type of ZDJ-4000/12 could provide direct current ranged from 0 to 4,000 A and voltage between 0 and 12 V. GAC with average particle size of approximately 2 mm has a specific surface of 1,028 m 2 g 21 and a specific weight of 0.521 kg L 21 .
Electrochemical reactor
An electrochemical reactor with length, breadth and height of 100 cm, 100 cm and 250 cm, respectively, was constructed by polymethyl methacrylate plastics in a DSD acid manufacture plant, located in North China. The quadrangular reactor as shown in Figure 2 was designed with effective working volume of 792.9 L. Anodes and cathodes were fixed in the reactor with the inter-electrode distance of 5 cm. GAC was filled between anodes and cathodes with the packing height of 150 cm. A micropore plate was installed in the bottom of reactor for homogeneous distributing of raw water and inlet air; it also could support the weight of GAC and electrodes. Pumps were used to pump the raw water and air into reactor. The constant temperature (25^18C) for electrolysis was controlled with circulating water recycled from a temperature controlled water bath and monitored with glass thermometers immersed in the exit and inlet of the column.
Procedure
The DSD acid wastewater used in these experiments was obtained from a reservoir with volume of 10 m 3 and the characteristics of wastewater from the DSD acid manufacturing process are shown in Table 1 . The treatment was timed starting when the DC electric power was switched on and the elapsed time began once the wastewater discharged from the outlet of the reactor.
Initially, wastewater was continuously fed to the reactor at designed flowrates for the operation of different residence times under a constant applied voltage. Then the resulting solution sampled from outlet was filtered to remove any traces of GAC and then was analyzed for COD value. The residence times during column experiments was determined by flowrates with the expression as:
Moreover, various applied voltage was exerted in order of 5.4 V, 4.8 V, 3.9 V, 2.7 V and 1.8 V, respectively. Sequentially, different aeration intensity was controlled by air flow meter and measured by air-liquid ratio (ALR). Lastly, the effect of different pH values of 3.00, 5.42 and 9.00 on COD effluent was inspected. Under different applied ALR, air flowrate was calculated by the equation following:
Analytical method A NEL pH30 model pH meter was adopted for the achievement of pH value. The COD content of all solutions was determined according to Standard Methods (1998) and the value of COD measured during electrolysis was employed for the calculation of the current efficiency with the description of average current efficiency (ACE) using the following equation (Comninellis & Pulgarin 1991) : The cost of electrolysis is directly related to the electrolytic power consumption and the equation following was employed for the obtainment of the energy consumption:
The experimental results were assessed mainly based on energy consumption, COD effluent and COD removal efficiency (%), i.e. the ratio between COD removal and initial COD. electrode reaction, in addition to the increase of current, which is attributed to the increase of ionic transport so as to increases the rate of generation of hydroxyl radicals (zOH, expressed by Equation (5)) (Siné & Comninellis 2005 ) that is responsible for the oxidation of organic pollutants. This indicates that applied voltage is the major driving force for the respective phenomena of interest in electrochemical oxidation (Card et al. 1990) .
RESULTS AND DISCUSSION
Also illustrated in Figure 4 In addition, peroxodisulfates maybe generated in solution containing sulfates and involve in the degradation of organic pollutants. These reactions are expressed by following Equations (Lee et al. 2003; Cañ izares et al. 2005) . The similar results also confirmed by the other researchers (Xiong et al. 2003) .
As is widely known, mass transfer limitation would reduce the COD removal and current efficiency, and the unwanted effect could be easily avoided when compressed air is employed. The sparged air is to agitate for the improvement of mass transfer, which causes fast reactions between organic pollutants and powerful oxidants. Meanwhile, a few researchers have reported that the regeneration of the others stronger oxidizing agents, e.g.
H 2 O 2 , by molecular oxygen (Tatapudi & Fenton 1993; Alverez-Gallbergos & Pletcher 1999) , also play critical roles in direct oxidation.
From Equations (8) with various residence times is displayed in Figure 6 . As shown in Figure 6(A) , the steady state conditions could be obtained at elapsed time of 1.5 h, which is smaller than that of without aeration and the COD always decreases with increase of ALR in all the runs, but to different degrees.
COD effluent progressively decreases from 1,104 to 696 mg L 21 under an ALR of 4.2 with the residence time of 180 min ( Figure 6(B) ). Furthermore, the trend of higher ALR with better water quality illustrates that the increase of aeration intensity is a simple, available method for the improvement of water quality. Indeed, this is due to the agitation of GAC for speeding mass transfer of pollutants and an essential oxygen supply for the formation of another agent with strong oxidation ability, H 2 O 2 (Foller & Bombard 1995) , thus, the degradation of pollutants at anodes, cathodes or bipolar GAC particles could be accelerated effectively. From experiments data obtained above, the COD effluent all could meet the need of less than 1,000 mg L 21 for direct discharge with the energy consumption of 4.144 kW h kg 21 COD when ALR is more than 0.6.
The results reveal that the employment of aeration for the enhancement of COD removal seems to be an economically practical method for the oxidation of organic pollutants (Xiong et al. 2003; Zhou & Lei 2006) . As it can be seen, at the beginning the values of pH rise regardless of the initial pH, then begin to drop in proportion with the initial pH, that is to say, lower initial pH causes more pH drop after the peak pH. A slighter increase of the pH is also observed when the experiment was performed with an initial pH of 9.00 both in the absence and in the presence of aeration. Nevertheless, a final pH effluent of (11)) and deprotonation of organic compounds (Equation (12)) and regeneration of zOH (Equation (5)) at anode.
R represents organic compounds in DSD acid wastewater and P refers to byproducts. From Figure 7(B) , it seems that the Reaction (11) is faster than Reactions (5) and (12), leading to the increase of pH before reaching the steady state condition. On the other hand, perhaps the achievement of constant values of pH is for the formation of a bicarbonate buffer during the electrolytic degradation (Scialdone et al. 2009 ).
One further aspect of our experimental system deserves comment that the combined process has no apparent effect on the removal of salinity in solution. Through the above analysis, the salinity plays an even greater role in increasing the conductivity of the wastewater and indirect oxidation of organic pollutants (Equation (6)). Therefore, in this study, it is not an issue of particular concern because it makes no demands on the discharge of saline concentration in China.
CONCLUSIONS
A pilot-scale electrochemical reactor, coupling GAC adsorption and anodic oxidation, was used for COD reduction from DSD acid manufacturing wastewater containing bio-refractory organic compounds. The results reveal that the combined process could be operated effectively with high COD removal and current efficiency.
As a result, the water quality could be improved when increasing the residence time and applied voltage; meanwhile, the values of ACEs are higher than 100% at any operating condition using the designed electrochemical cell.
In addition, the COD removal is obviously enhanced and the energy consumption is significantly decreased when the aeration is employed during the continuous operation.
Moreover, acid medium is in favor of the increase of COD removal efficiency and the values of pH outlet always remain constant regardless of the initial pH values.
Simultaneously, the application of aeration also could effectively protect anodes from corrosion and maintain the water quality which leading to the continuous running of the electrochemical reactor. 
REFERENCES
